Abstract: Performance improvements in instrumentation for optical imaging have contributed greatly to molecular imaging in living subjects. In order to advance molecular imaging in freely moving, untethered subjects, we designed a miniature vertical-cavity surface-emitting laser (VCSEL)-based biosensor measuring 1cm 3 and weighing 0.7g that accurately detects both fluorophore and tumor-targeted molecular probes in small animals. We integrated a critical enabling component, a complementary metal-oxide semiconductor (CMOS) read-out integrated circuit, which digitized the fluorescence signal to achieve autofluorescence-limited sensitivity. After surgical implantation of the lightweight sensor for two weeks, we obtained continuous and dynamic fluorophore measurements while the subject was un-anesthetized and mobile. The technology demonstrated here represents a critical step in the path toward untethered optical sensing using an integrated optoelectronic implant. 
Introduction
Optical imaging techniques are ubiquitous in biological research, most commonly for in vitro and preclinical studies, and are increasingly applied to clinical settings. Sources of optical contrast for imaging include in vivo fluorescence generated by reporter genes, endogenous fluorescence, and exogenous fluorescence from administered molecular probes or other contrast agents [1] . Optical signals can reveal underlying pathophysiology, quantify a molecular target, and localize specific cell populations while eliciting their temporal dynamics [2, 3] . Fluorescence measurements can also complement label-free tissue evaluation, such as by detecting changes in optical absorption or scattering, which provide endogenous contrast useful for measuring tissue oxygenation as well as hemoglobin, water, lipid, and cytochrome concentrations.
Delineating normal from abnormal tissue requires the sensitive and quantitative detection of optical signals, but unfortunately, current approaches require bench-top systems employing bulky charge-coupled device (CCD) cameras or photomultiplier tubes and large-format illumination sources. These approaches, while non-invasive and highly sensitive, limit the ability to perform long-term, continuous measurements greater than several hours because of the inherent requirement to confine the animal subject to a light-tight box. We and others have developed miniature fluorescence-sensing systems that can be directly mounted on, or implanted in, an animal model [4] [5] [6] [7] [8] [9] [10] for continuous molecular monitoring in freely-moving subjects. Although potentially invasive, an implant also allows monitoring of deep tissues which may not be accessible with epi-illumination techniques. While this approach brings new challenges in the in vivo environment, it could be valuable for the early detection of disease, detecting disease (cancer) recurrence, monitoring disease progression and therapy, and even predicting disease occurrence (organ transplant rejection).
We have previously reported the fabrication and testing of a miniature, integrated semiconductor fluorescence sensor designed for the detection of Cyanine 5.5 (Cy5.5; GE Healthcare/Amersham)-based far-red / near-infrared (NIR) fluorescent probes [6, 8, 11] . The sensor incorporated three essential components of a fluorescence system, including a 670nm vertical-cavity surface-emitting laser (VCSEL) excitation source, a Gallium Arsenide (GaAs) p-i-n photodiode, and a fluorescence emission filter. Upon implantation of this sensor, we noted that the animal movement induced excessive electrical noise. The sensor's unamplified, analog, sub-nanoamp current signal could not be distinguished from this noise. In this work, we integrated the sensor with a custom-developed, novel readout integrated circuit (ROIC) based on complementary metal-oxide semiconductor (CMOS) technology that amplifies and digitizes the raw current sensor signal, overcoming the noise limitations. The ROIC is directly interfaced with the fluorescence biosensor in a redesigned miniature hybrid package. In this work, we demonstrate the design, synthesis, and analysis of the fully functional hybrid biosensor. Furthermore, we demonstrate successful packaging, in vivo implantation with maintained functionality, and successful detection of fluorophore in a living subject. This approach should help pave the way for implantable, optical biosensors.
The paper is organized as follows: in Section 2 we briefly summarize (as some details have been published elsewhere) the design and fabrication of the implanted hybrid VCSEL/CMOS biosensor device, focusing on the efforts to make it suitable for implantation in preclinical models; Section 3 details the in vitro fluorescence sensitivity validation experiments using known concentrations of fluorescent dye; and in Section 4 we describe the implantation approach and present the real-time measurement of fluorescent dye in an awake, freely-moving nude mouse. Conclusions are presented in Section 5.
Implantable sensor design and fabrication
The implanted sensor, shown in Fig. 1 (A) (inside) and 1(B) (in whole), consists of multiple VCSEL excitation sources, two GaAs photodiodes, and a CMOS ROIC mounted on a custom printed circuit board (PCB). This package is covered with a lid and a lens for collimating the excitation laser, and then completely coated in biocompatible epoxy to mitigate rejection upon implantation. The entire assembly is approximately 1cm 3 and weighs 0.7g, sufficiently lightweight for implanting in a small animal, and smaller than the dorsal skinfold window chamber commonly used for in vivo imaging studies. During continuous sensing, a multiconductor cable is connected to the PCB. This provides a biasing signal to the sensor and routes the measured, digitized signals from the animal subject to an external display.
Optoelectronic components
The optoelectronic components of the sensor module include an optical excitation source, a sensitive photodetector, and high quality fluorescence filters designed for particular fluorophores. We optimized our hybrid sensor for the detection of Cy5.5 fluorescent dye (Amersham/GE Healthcare), which can be conjugated to molecular binders (small molecules, macromolecules, protein fragments or proteins) to create molecular probes for in vivo studies [8] . The excitation and emission spectra of Cy5.5 lies in the far-red to NIR spectral region, where tissue absorption is relatively minimal and the optical penetration depth can be large compared to other wavelengths [12] . Furthermore, tissue auto-fluorescence in this wavelength regime is low, and taken together, the signal to background ratio is increased compared to visible fluorescence imaging [13] .
The optoelectronic components have been previously described in detail [6, 8, 11] . For completeness, we summarize those results here. The excitation source is an array of 670nm GaAs-based VCSELs provided by Vixar, Inc (Plymouth, MN) with laser linewidth less than 0.2nm full-width half-maximum (FWHM). We operate one laser which outputs up to 2mW optical power, matching the absorption peak of Cy5.5. The detector is a custom-fabricated large (0.75mm 2 ) area GaAs p-i-n photodiode, optimized for low-noise, low dark current (<5pA/mm 2 at 0.1V) operation for maximum sensitivity. The fluorescence emission filter is the most critical element of the sensor for in vivo applications because a large fraction of tissue-backscattered excitation light is directed at the detector. The emission filter is designed for Cy5.5 emission (hq750/40, Chroma Technology Corp., Rockingham, VT) and is bonded directly above the GaAs detector. The 3mm thick filter is composed of RG absorbing glass and thin film coatings to provide more than 6 orders of magnitude optical blocking (OD 6) of excitation light at incident angles as high as 30 degrees and to transmit greater than 95% of emission light in a 40nm passband centered at 750nm. The combination of an absorption and interference-based optical filter is critical to achieving sufficient rejection in the small sensor format.
These optical components were separately evaluated and validated in vitro and in vivo in previous studies in a subcutaneous dye model, a phantom model, and a tumor model in which fluorescent molecular probe is injected systemically and accumulates in tumors [6, 8] . Using these approaches, we achieved autofluorescence-limited sensitivity to subcutaneous fluorophore in a nude mouse. Cy5.5 concentrations as low as 5nM in vitro and 50nM in vivo were detected, with depth sensitivity estimated to be 1-2mm [6] . Furthermore, in those studies we detected kinetics of injected molecular probes, and a signal to background ratio of a molecular probe that targeted tumors was measured at approximately 2.4-3.6 to 1, similar to measurements in with a cooled CCD camera, and showing that the VCSEL biosensor functioned accurately.
CMOS readout circuit design
The CMOS ROIC is the enabling component of the implanted sensor. It amplifies and digitizes the detected photocurrent to enable real-time, implanted sensing. If the photocurrent were measured by a benchtop ammeter instead of being digitized on the sensor, the pico-to nano-amp photocurrent signals would be indistinguishable from the noise acquired by the small-gauge ammeter wires tethered to the moving animal. The sources of noise likely include the triboelectric effect (variations in charge due to rubbing of the conductor and dielectric insulator), piezoelectric effects [14] , and inductive coupling to the cable.
The ROIC was designed to measure photocurrents in the range of 5pA to 15nA, with bandwidths up to 100Hz. In order to capture binding and accumulation kinetics of the fluorescent probe, as well as a wide range of possible tumor sizes and depths, we targeted a resolution of 5pA based on previous experiments.
The readout architecture (Fig. 2 ) is based on current integration using a capacitive transimpedance amplifier (CTIA), followed by analog-to-digital (A/D) conversion based on sigma-delta (ΣΔ) modulation [15] . The CTIA is used in order to meet the high sensitivity requirement, as it can provide a high signal-to-noise ratio (SNR) through noise averaging. The ΣΔ modulator oversamples the output of the CTIA directly, while current integration takes place, and the digital filter at the output of the ΣΔ modulator implements a line-fitting operation. This technique offers several improvements over the conventional approach of measuring the CTIA signal at the end of the current integration period, including increased accuracy and the ability to extend the dynamic range (DR) using digital techniques. Fig. 2 . Readout system architecture. The ΣΔ modulator interfaces directly to the CTIA output, without the need for a sample-and-hold stage. Before each integration cycle, both the CTIA and the ΣΔ modulator are reset. After the reset, the detector current accumulates on Cint, giving rise to a voltage ramp at the amplifier's output. This ramp is sampled by the ΣΔ modulator M times during the integration period, and the output of the modulator is processed by a digital filter G(z) that implements a line-fitting operation similar to that described in [16] . Oversampling the ramp in this fashion reduces the readout noise by a factor of M/12.
The dynamic range of this current readout system can be extended by digital postprocessing techniques, without the need for any additional circuit elements. If large photocurrents cause voltage saturation at the CTIA output, the line-fitting filter can be dynamically adjusted to only use the samples before saturation.
The chip operates from a 1.8V power supply and dissipates 1.4mW. It achieves a maximum SNR of 60.2dB and a DR of 60.2dB and 74.4dB before and after DR extension. The minimum resolvable current is 4pA and the maximum current is 21nA (with DR extension).
Assembly and packaging of hybrid sensor for implantation
Our objective was to design the smallest and lightest possible package for efficient implantation with enough leads to accommodate the devices. Therefore, the optoelectronic components and CMOS chip were chip-on-board mounted to a custom PCB. The semiconductor dies were attached with conductive epoxy (H20E, Epoxy Technology, Billerica, MA), and contacted with gold wire bonding. The right photodetector was wire bonded directly to the input of the ROIC and the left photodetector was connected to the external connector for signal comparison. We operated a single VCSEL source on the separate 1x5 VCSEL array. The PCB was designed to route the electrical signals from semiconductor dies to a miniature, multi-pin connector (A79010-001 18-pin connector, Omnetics, Minneapolis, MN) on the opposite side of the PCB. A standard transistor cap (TO-05) (4 mm high with 5 mm diameter aperture) was bonded to the PCB with biocompatible epoxy (301-2, Epoxy Technology, Billerica, MA) to protect the sensor components and support the lens. The lens was attached to the cap with ultraviolent cure epoxy for initial placement, and then the edge was strengthened with the biocompatible epoxy. The multi-pin connector was also reinforced by backfilling with epoxy. All locations where the copper vias on the PCB were exposed were coated with the insulating epoxy. Finally, several large holes were drilled in the corners of the PCB to allow the surgeon to suture the sensor into the animal subject. We rounded off the sharp edges from the PCB corners so as to not cause additional damage 
In vitro validation
Because the previous VCSEL biosensor without the CMOS component was thoroughly validated in previous studies, we wanted to demonstrate that the VCSEL/CMOS hybrid biosensor operated equivalently in vitro. We measured the maximum sensitivity of the integrated CMOS and sensor chips in vitro by measuring serial dilutions of Cy5.5 in a benchtop system. The sensor components were mounted in an open cavity package and interfaced to a circuit which provided additional signal conditioning and diagnostics for the ROIC. A 7mm diameter clear-bottom plastic well (Stripwell 1 x 8, Corning Inc.) was suspended above the sensor. Cy5.5-NHS (GE Healthcare/Amersham) was hydrolyzed in phosphate buffer solution (PBS) to remove the reactive group and diluted at several concentrations in PBS. Figure 3 shows the effects of varying dye concentration on detector current (normalized). As expected, the relationship between current and dye concentration is linear between 10nM and 25μM, and limited at the top by dye quenching effects and not by sensor performance. Lower concentrations may be detectable; 10nM was the lowest concentration tested. However, the signal would be indistinguishable from far-red autofluorescence in vivo at concentrations less than 50nM [17] . Our data is consistent with the sensitivity and magnitude of current that we have previously measured using the original VCSEL biosensor [6] . As a result, we are confident that this sensor is sensitive to at least 50nM subcutaneously localized Cy5.5 in vivo. Previously, we used low-frequency laser modulation with lock-in detection to achieve the best sensitivity. Now we show with the integrated VCSEL/CMOS sensor, we can operate the lasers in DC and achieve the same sensitivity. Since the ROIC bandwidth is sufficient to attempt lock-in detection, even better sensitivity might be possible, though this was not the focus of this study. Figure 3 also shows the importance of operating the laser above threshold to obtain the excitation intensity necessary to generate a detectable fluorescence signal.
Implantation and real-time sensing
An important issue for assessing in vivo sensing is the anatomical location of the biosensor in the mouse. The anatomical location should allow detection near the targeted tissue; securing of the sensor to the underlying fascia and soft tissue should also be feasible. The mouse should be unable to access and annihilate the biosensor, and noise should be minimal. To this effect, we surgically investigated sensor locations using a prototype sensor in n = 2 mice, to confirm a good mechanical stability of the sensor to the tissue following the procedure. After exploratory experiments, the biosensor was implanted subcutaneously in the midline for this initial demonstration, at the level of the 6th thoracic vertebrae on the back, and sutured to surrounding soft tissue. The details of the procedure are as follows. With the mouse in prone position under anesthesia, a 2cm vertical midline incision was made extending from the back of the neck to between the scapula. The subcutaneous tissues were divided to expose the deeper skeletal muscle layers of the back. A colored, labeled schematic of the VCSEL/CMOS biosensor is shown in Fig. 4(A) . The biosensor was placed vertically into the surgically created cavity, with the cable-side on the outside, and aligned with the mouse spine. A colored, labeled schematic of the biosensor implanted into mouse tissue is shown in Fig. 4(B) . We placed non-absorbable sutures in each corner of the biosensor. We anchored the skin firmly to the vertical portion of the device with a set of horizontal sutures (Fig. 4(B) , Suture #1), and the remaining skin was then firmly approximated around the biosensor. Each internal suture anchored the sensor to the skin above (Fig. 4(B) , Suture #2), or fascia/muscle below (Fig. 4B, Suture #3) . Eventually, the lens directly faced the skeletal muscle, in order to sense tail vein injected Cy5.5 dye (Fig. 4(B) ). The sensor was well secured in the mouse, and the mouse displayed normal feeding and ambulation with no evidence of distress. (Fig. 4(C) , 4(D), and 4(E)). A critical aspect of biosensing in a freely moving subject with the implanted biosensor is transmission of digitized information. To facilitate movement of the mouse, a multi-conductor cable was used to carry the electrical signal and bias voltages between the subject and instrumentation. The cable bundle was sheathed in latex tubing to prevent the animal from gnawing on the wires during sensing. Importantly, the cable bundle terminated at a commutator (SL18C, Plastics One Inc, Roanoke, VA) which allowed free rotation of the cables without losing electrical contact. Although the animal was able to move freely throughout its cage with the commutator, in some cases the 18 pin commutator was resistant to animal motion, so we occasionally rotated the commutator manually as needed to eliminate strain on the animal. In future versions, fewer leads will enable the use of a low mechanical resistance, brushless commutator to better facilitate animal movement. We evaluated implants in n = 2 mice for greater than one week to verify sensor optical and electrical function, evaluate noise, and to monitor the mice for complications due to the surgery or implant.
After validating the surgical procedures and sensor performance, we performed a continuous measurement of fluorescence signal after dye injection in a freely moving mouse. 48 hours after implantation, we inserted a tail-vein catheter under anesthesia and performed baseline measurements for approximately 5 minutes (Fig. 5) . Then during continuous measurements we administered 50μL of 50μM Cy5.5 dye via the catheter. After injection, we flushed the catheter, removed the catheter and terminated the anesthesia. We continued sensing for more than 30 minutes while the mouse awoke and began to move freely. The acquired signal is shown in Fig. 5 . An increase of 500pA up to 1.2nA increase can be seen about 15 minutes after injecting the dye, with the greatest increase occurring in the first 10 seconds. We also observed an additional spike in signal (at ~35 sec), due to the flushing of the remaining dye from the catheter with saline. For comparison, in previous studies, we observed a 50-85% increase in signal when 3 nmoles of fluorophore was injected [8] . In this study, upon injection of 2.5 nmoles, we saw an increase of 71%, within the range calculated previously. Furthermore, in the previous studies, we observed a similar rapid increase upon injection of fluorophore. These data suggested to us that the sensor was functioning in the mouse, in terms of both kinetics and absolute magnitude of the response. Two weeks after implantation, there were no signs of infection, and the mouse continued to display normal feeding and ambulation with no loss of weight. At two weeks, we euthanized the animal in accordance with the approved animal protocol and the sensor was removed for inspection. Postmortem, we observed a small area of chronic scar tissue surrounding the implantation site and fibrous tissue attached to the sensor surfaces. This is an anticipated side effect of an implanted device, and if the layer thickness becomes significant compared to the 1-2mm depth of field of the device, this may become a problem. However, several approaches have been developed to mitigate sensor fouling which could also be applied here if necessary [18] . The source-detector separation could also be optimized to sense beyond the area of scar tissue. 
Discussion and conclusions
We report for the first time (to the best of our knowledge), a laser sensor implant that makes continuous in vivo fluorescence measurements while the subject is awake and freely-moving. Unlike other approaches, all the sensing components are integrated on board so that the miniature implant can be completely wireless with the inclusion of a battery and a radio or data storage. Integration of a custom-designed, low-noise ROIC enabled real-time sensing of systemically administered fluorescent dye. Our previous studies have shown that the device is sensitive to molecular targets at pre-clinically relevant concentrations in an external sensing configuration [8] .
The sensing volume of the tissue requires precise positioning and fixation of the sensor to sense specific targets. This is difficult to achieve in soft tissue, unless the target is expected to be large (> few mm) such as a tumor. We have evaluated mechanical stability, the function of the sensor, and its response to an injected dye, leading to continuous in vivo fluorescence measurements. Due to the small target size, we believe the sensor may be appropriately suited for monitoring regional physiological parameters, such as hemodynamic changes, in which sensor positioning is not as critical. The sensor could also be affixed to hard structures, such as the skull for neurological studies. Relevant applications of this approach include monitoring of the progression and treatment of chronic diseases such as Alzheimer's, Parkinson's, or neurovascular diseases (stroke) for which molecular probes exist. Furthermore, the sensor components are scalable to allow optical sensing of different fluorophores (multiplexing) or multimodality sensing (measuring endogenous components, for example).
In conclusion, we have developed a fully-implantable, laser-based fluorescence sensor complete with optical and electrical read-out elements. This constitutes the first known laserbased implanted fluorescence detector. We have verified that the device operates while implanted in a live animal, and is sensitive enough to detect fluorophore at pre-clinicallyrelevant concentrations. Although this is an initial demonstration, we believe this technology platform has potential for the long term monitoring of disease progression and treatment.
